ABSTRACT: Periprosthetic hip fractures are an increasing problem in modern orthopedic and trauma surgery. Many options for the operative treatment are available to the surgeon ranging from modern variable angular systems to standard plates, screws, and cerclages. However, there is no gold standard and therefore, the aim of this study, was to investigate the biomechanical characteristics of double plating versus a lateral standard plate in a Vancouver B1 fracture model. Ten 4th generation composite femora were used to implant cementless total hip prosthesis and create Vancouver B1 periprosthetic fractures. Afterwards, the osteotomies were fixed using the locking compression plate in combination with the locking attachment plate (LCP, LAP, DePuy Synthes, Solothurn, Switzerland)-group I. Group II additionally achieved a 5-hole 4.5/5.0 mm LCP anteriorly. Each construct was cyclically loaded to failure in axial compression. Axial construct stiffness was 50.87 N/mm (SD 1.61) for group I compared to 738.68 N/mm (SD 94.8) for group II, this difference was statistically significant (p ¼ 0.016). The number of cycles to failure was also significant higher for group II (2,375 vs. 13,000 cycles; p ¼ 0.016). Double plating can significantly increase construct stiffness and stability, and thus, is an option in the treatment of complex periprosthetic fractures, in revision surgery and for patients with the inability to partial weight bear. ß
The increasing number of total hip arthroplasties (THA) in combination with the increasing life expectancies and the rising activity level cause an increasing incidence of periprosthetic proximal femur fractures. [1] [2] [3] Due to osteoporosis and other co-morbidities these fractures are an unsolved problem in modern orthopedic and trauma surgery. Additionally, complications like re-fractures, infections, and nonunions are an increasing issue in the treatment of periprosthetic fractures (Fig. 1) .
There is consensus among surgeons that these hard to treat fractures need a management causing uneventful fracture healing. Treatment management is adapted to fracture location, implant stability, and patient condition. In case of a well-fixed stem of the prosthesis open reduction and internal fixation using angular stable implants is the preferred treatment option. [4] [5] [6] Nevertheless, this still remains difficult due to the prosthesis stem, cement used for stem fixation, and the local bone loss. Therefore, the biomechanical requirements are completely different from a fractured femur without total hip arthroplasty.
Different biomechanical investigations have already compared methods of periprosthetic fracture fixation. These studies showed increased mechanical stability for angular stable locked implant systems. [7] [8] [9] [10] In a previous study, our group compared two modern angular stable plate constructs developed for periprosthetic femur fracture fixation (locking attachment plate-LAP 1 , Depuy Synthes
1
, Solothurn, Switzerland and non-contact bridging plate-NCB 1 , Zimmer GmbH, Winterthur, Switzerland). This investigation showed an early failure of the LAP in combination with the locking compression plate (LCP).
11 This is one of the most popular implants, also for the treatment of periprosthetic fractures. Therefore, the purpose of this study was to investigate the biomechanical characteristics and the potential of double plating in comparison to a lateral standard plate in a Vancouver B1 fracture model.
MATERIALS AND METHODS

Specimens
For this study, 4th generation composite medium femora (Sawbones Europe, Malm€ o, Sweden) were used. Five specimens were tested per group.
Implants
The Zimmer cementless standard straight stems (Alloclassic 1 Zweymuller 1 Schaft SL, Zimmer GmbH, Switzerland) were implanted following the manufacturer's guidelines and using the appropriate material. X-ray controls were performed to ensure appropriate fitting.
For fracture fixation in group I, the 4-hole LAP in combination with a 15-hole 4.5/5.0 broad curved LCP (Synthes, Solothurn, Switzerland) was placed laterally. The LAP was fixed using two 3.5 mm self-tapping screws (anterior proximal and dorsal caudal). The LCP was fixed proximally with two monocortical periprosthetic 5 mm selftapping screws (in hole 1 and 5). Distally the LCP was fixed using three bicortical 5 mm self-tapping screws in hole 12, 13, and 15 ( Fig. 2 left) . In group II, additionally, a 5-hole 4.5/5.0 LCP was placed anteriorly and fixed proximally using two monocortical periprosthetic und distally two 5 mm bicortical screws (Fig. 2 right) . Instrumentation followed the manufacturer's guidelines using the appropriate instruments. 
Fracture Model
In this study, a Vancouver B1 fracture was simulated by an osteotomy. After plate fixation and X-ray control, an osteotomy was performed 5 mm distal the stem tip with a horizontal cut proximally and a 45˚cut distally (Fig. 2) .
Biomechanical Testing
Testing was conducted using a servo hydraulic testing machine (Instron 8874, Pfungstadt, Germany) using an already established test setup (Fig. 3) . 11 The specimens were anatomically loaded with application over the femoral head of the prosthesis stem. It was placed unconstrained to the machine actuator using a pre-shaped mould. The distal part of the femur was placed in mould, too (Technovit 4000, Heraeus, Hanau, Germany); additionally, a tilting table was used distally allowing movements to medial and lateral. Cyclic axial loading was performed sinusoidal with a frequency of 2 Hz until failure. Loading started using a peak-load of 750 N with an increment of 0.1 N/cycle. Valley-load was kept constant at 100 N.
Data Acquisition and Evaluation
Time, number of cycle, axial load, and displacement were recorded using the machines transducers with a frequency of 64 Hz. The axial stiffness was calculated from the load displacement curves of cycle 10-19. Two 1.5 mm K-wires were attached to the medial femoral shaft proximally and distally to the fracture with two markers to serve as landmarks for picture evaluation. In this way, varus collapse and plate bending could be detected by the change of angle between the wires. Therefore, pictures under the valley-load of 100 N were taken every 250 cycles (Fig. 4) . Picture evaluation was performed by means of a custom-made software routine (Matlab 7.9 R2009b, Image processing Toolbox, The MathWorks GmbH, Ismaning, Germany). The number of cycles to 
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10˚varus collapse with respect to the initial picture (all taken under valley-load) was identified for all specimens.
After assuring normal distribution of the data (ShapiroWilk test), an independent samples t-test was carried out to identify differences between study groups with regard to axial stiffness and cycles to failure. The software package SPSS 21.0 (SPSS Inc., Chicago, IL) was used for all statistical evaluations. Level of significance was p < 0.05.
RESULTS
Axial Stiffness
The mean axial stiffness in the LAP group was 50.87 N/mm (SD 1.61) compared to 738.68 N/mm (SD 94.8) in the double plate group. This difference was statistically significant (p ¼ 0.001) (Fig. 5) .
Compared with the results of our previous study, using human bones we found a comparable axial stiffness in the LAP group (Fig. 5) . 11 In the human bones the LAP group achieved a mean axial stiffness of 47.18 N/mm (SD 11.58).
Cycles to Failure
The mean number of cycles to failure (10˚varus) was 2,375 (SD 250) for the LAP group and 13,000 (SD 1591) cycles for the double plate group (Fig. 6) . This difference was statistically significant with p ¼ 0.001.
Comparing these results of the LAP group with the results from the previous human cadaver study, 11 the number of cycles to failure is comparable (LAP human 2,505 cycles to failure (SD 2,121) ). Using the artificial bone, the standard deviation decreases (Fig. 6) .
The mode of failure in the LAP group was early bending of the LCP (Fig. 4) . In the double plate constructs failure occurred by loosening (screw breakage, screw loosening, or bone breakage) of the monocortical periprosthetic screws of the short anterior plate and consecutive lateral LCP bending (Fig. 4) .
DISCUSSION
The treatment of periprosthetic femur fractures is an unsolved problem in today's trauma and orthopedic surgery. The increasing numbers of total hip arthroplasties can only cause an increasing number of periprosthetic fractures. Especially in case of complications e.g., non-unions or infections the treatment options are limited. Treatment procedure (osteosynthesis, revision arthroplasty) depends on different conditions; mainly the fracture type, the stem fixation, and geometry are crucial for plate fixation.
Comparing the results of the LAP/LCP construct using artificial bones with the ones of the previous study using human specimens, 11 we found comparable values for axial stiffness (artificial 50.9 AE 1.6 N/mm vs. human 47.2 AE 11.6 N/mm) and the number of cycles to failure (artificial 2,375 AE 250 cycles vs. human 2,505 AE 2,121 cycles). Additionally, the mode of failure was the same in both, the artificial, and the human bones. Following these results, we decided to perform this study using artificial.
Investigating the biomechanical behavior of a double plate construct, we found superior values for axial stiffness and cycles to failure compared to the LCP/LAP group. One specimen can explain the high standard deviation values of the axial stiffness of the double plate group with an axial stiffness of 925 N/mm, looking at axial stiffness without this specimen, mean axial stiffness of the double plate group would be 692 N/mm (SD 18.4). Even compared to the results of the NCB periprosthetic plate constructs from our previous study, the double plate construct achieved significant superior values regarding axial stiffness, and number of cycles to failure. The axial stiffness was 4.5 times higher in the double plate group compared to the NCB. The number of cycles to failure was two times higher for the double plate constructs compared to the NCB constructs. Vancouver B1 fractures make up to 1/3 of periprosthetic proximal femur fractures. 12 This fracture type occurs due to the stress risers at the tip of the hip stem. 13 If the prosthesis is well fixed, there is consensus about the therapy using open reduction and internal fixation with angular stable plates. 4 The biggest challenge is proximal plate fixation due to the interfering hip stem. In the last years new fixation methods have been introduced to solve this problem.
Proximal plate fixation can be performed using cerclage wires, mono-, or bicortical screws. Lenz et al. investigated these options in biomechanical studies and found bicortical screws to be superior to monocortical screws as well as cerclage wires. 14, 15 The first plate allowing bicortical screw placement around the hip stem was the locking attachment plate, which is attached to the locking compression plate (DePuy Synthes, Solothurn, Switzerland). A biomechanical study by Lenz et al. showed the superior characteristics of this implant compared to proximal monocortical screw and cerclage fixation. Meanwhile, a variable angle locking plate designed for periprosthetic fracture fixation has been developed and introduced. The Zimmer NCB plate offers multiple locking options to address periprosthetic fracture fixation. In a biomechanical study of our group, this plate showed superior results compared with the LAP/LCP construct in unstable Vancouver B1 fractures. 11 Nevertheless, up to now this specialized implant is not in broad application. Hence, one alternative for daily practice is the double plate application to increase stability. Lenz et al. investigated the LAP/LCP construct compared with an additional orthogonal locking plate. They used six pairs of fresh-frozen femora. Lenz et al. found the orthogonal double plate constructs withstanding significant higher numbers of cycles until failure. 17 The main difference to our study is the fracture model. From our clinical experience we think that transverse fractures without comminution and with intact medial bone contact (fracture model used by Lenz et al.) 17 are sufficiently treated by lateral angular stable plating, whereas more complex fractures and revisions are associated with higher complication rates. Buttaro et al. found hardware failure in six of fourteen patients treated with an angular stable lateral plate in Vancouver B1 periprosthetic fractures. 18 In our study, we simulated a fracture gap to exclude medial bone contact. These fractures are complex to treat and need enhanced stability. Additionally, in case of non-unions, revision surgery du to hardware failure, incompliant, or obese patients additional stability may be beneficial. Double plating has the potential to increase construct stability significantly and therefore, reduce complications in complex periprosthetic Vancouver B1 fractures. The combination of lateral and anterior plating in the femur has the advantage, that one incision can be used to place both plates. Nevertheless, the soft tissue damage and the periosteal impairment are greater than in lateral plating only. Additionally, the construct stiffness is increased extensively by placing the second plate even in unstable fractures. Therefore, it might be necessary to allow full weight bearing to the patient immediately postoperatively to gain micro motion within the fracture. Without any stimulus the fracture may develop a non-union due to the high construct stiffness. Alternatively less stiff anterior plates (e.g., smaller plates) may be used to decrease construct stiffness.
This study also has limitations; we used artificial femora simulating young and healthy bone conditions. Referring to the results of our first study using human femora, we found only implant failures. Thus, we decided for this study to use artificial bones due to availability, homogeneity, and also ethical reasons. Another limitation is the small sample size, but due to the small variations of the artificial bone samples, we were able to find differences with this small sample size. This biomechanical study has also the limitation of pure axial loading without simulation of bending or torsional moments. Axial loading is major physiologic loading condition; therefore, we decided to test under axial loading until failure.
CONCLUSION
Double plating is a reliable option in the treatment of complex periprosthetic fractures to reduce complications and enhance stability. However, this method involves the danger of more extensive soft tissue damage and excessive increase in construct stiffness with missing mechanical healing response. Therefore, in our treatment algorithm this technique is a rescue option for patients with comminuted periprosthetic fractures, with massive osteoporosis or obese patients, as well as incompliant patients or patients that are in need of immediate postoperative full weight bearing (e.g., neurological co-morbidities).
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